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Abstract 
Drawing of wires is a well known process and several manuscripts are recognizable looking at the scientific literature. The main 
reason why the process is used is related to increasing of the elastic resistance of the materials thanks to the induced yielding. 
Nevertheless many information are available from a mechanical point of view, today new needs related to process sustainability 
push toward a process redesign taking into account different criteria. In this paper, a multi-objective approach based on the 
optimization of a set of objectives is presented. Process force, die wear, material thinning and damage are considered building an 
optimization problem in which the technologist can decide the role of each criterion in the operative scenario. 
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1. Introduction 
Wire-drawing is a commonly used process in 
manufacturing since it allows to improve the mechanical 
strength of wires, drastically reducing the diameter 
through a set of different dies. The wire flows in the dies 
increasing its velocity and this causes temperature 
increasing. The latter, from one side increases 
formability but, on the other hand, reduces yielding and 
thus can facilitate breaking. For this reason usually the 
dies are lubricated and also the wire is submerged in the 
oil having the double effect of lubrication and cooling. 
The process was deeply investigated both from a 
numerical and experimental point of view. Luis et al. [1] 
reported a wide analysis within this frame. In the past, 
large efforts were spent in order to predict material 
breaking from a numerical point of view.  
Mc Allen and Phelan carried out an investigation 
using a coupled damage model [2]; Bitkov proposed a 
study on damage of non-ferrous materials [3]. Some 
studies take into account numerical criteria based on the 
energy absorbed by the material such as the one 
proposed by Oyane and Okimoto [4].  
In order to avoid breaking, drawing is usually 
designed as a multi-pass process, in which a sequence of 
dies progressively reduces the section imposing a desired 
yielding. Also in this case numerical simulation can help 
the process analyst as showed by Celentano et al. [5]. 
 The effect of temperature was experimentally 
investigated by Vega et al. in 2009 [6]. 
In the paper here presented, a wide optimization 
model is proposed with the aim to demonstrate that 
material damage is just one variable to check and more 
efficient indexes can be run accordingly. For instance, 
die wear is a strategic key point due to the impact on the 
manufacturing cost and on the waste production. 
The model and its use are discussed in the paper. 
2. The investigated process 
Fig. 1 reports the section of a typical drawing die. 
 
 
 
 
 
 
 
 
 
Fig. 1. Section of a Drawing die 
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Different surfaces are present in the die and each of 
them describes an angle with the axis. 
responsible of the wire chattering during drawing.  
one that physically deforms the material during flowing. 
-cone die angle is 
process mechanics. 
surface and calibrated the wire diameter at the flow exit. 
The bearing depth influences the process because a low 
depth results in an inaccurate wire dimension but a high 
depth increases friction and thus increases the resistance 
force, inducing material breaking.  
its influences wire chattering and the formation of chips 
in some conditions.  
In the models used in this paper, only the  angle was 
considered together to other parameters that will be 
described in the follow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The machine used for the study 
Fig. 2 reports the machine used for the study here 
addressed. As it can be easily observed, it is a multi-wire 
machine and it is possible to see the parallel dies and the 
reels.  
3. The methodology 
A model based on the evaluation and optimization of 
different criteria was defined in this paper. More in 
detail, four objective functions have been considered: 
drawing force, wire rupture, average strain and damage. 
These function are determined by using a proper law, as 
function of strain and semi-cone die angle. 
The functions have been obtained using a statistical 
approach based on the response surface method. The 
dataset was obtained through a wide integrated 
experimental and numerical campaign aimed at 
determining the value of the four parameters at varying 
of  imposed strain and semi-cone die angle. 
As far as the drawing force is concerned, it has been 
represented by the following function: 
 
1.111.12.0
1 07.1571.15045.100f        (1)
Eq. (1) well fits the experimental points obtained by 
the above campaign. 
On the other hand, die wear is important due to its 
influence on the wire diameter. What is more, die wear 
may cause wire rupture due to the friction increasing for 
the material sliding on the wire land. The latter is 
estimated according to Eq. (2). 
f2= 5.6285.62818.538.5315.354 1.111.11.0  (2) 
Material thinning was of course considered limiting 
the average strain. The latter is evaluated by using Eq. 
(3). 
f3 109.091.061.0              (3) 
Finally, damage of material was considered as 
alternative way respect to the allowable strain limit. 
More specifically, the damage has been mathematical 
expressed as follows: 
f4 22 1.4618.2016.21997.38.235.31    
  2222 7.51267.47229.2203        (4) 
The material used for the test was an AA6082 
aluminum alloy characterized by the following flow 
rule: 
=585 0.1 [MPa]                                    (5) 
 
The friction coefficient was estimated equal to 0.1 
(Coulomb law); the initial and final billet diameter were 
set equal to 20 mm and 19 mm, respectively. 
According to the available equipment and the 
considered material, the process force was limited to 
80kN and the damage threshold equal to 116. 
Different constraints have been imposed and the 
problem under study has been formulated by the 
following multi-objective non-linear optimization 
model. 
min f1; f2 ; f3 ; f4 ;     (6) 
such that 
  
;8007.1571.15045.100:1 1.111.12.0V  (7) 
;1091.091.0606.0:2 1V    (8) 
28.2015.219972.378.2352.31:3V       (9) 
;1167.51267.47229.22034.461 22222  
;06978.0:4V                  (10) 
;10.0:5V                  (11) 
;244.0:6V                  (12) 
;30.0:7V                   (13) 
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Fig. 3. Graphical representation of the Feasible Region
The feasible region is depicted in Fig. 3, where  in
abscissa, the semicone die angle is reported while the
effective strain is reported in ordinate. From Fig. 3, it is 
evident that constraint V2 is redundant and, thus, it can 
be omitted.
The weighted sum method has been used to determine
an approximation of the Pareto front. It represents the 
most popular way to handle a multi-criteria problem [7],
and transforms the multiple objectives into an 
aggregated single objective function, by multiplying
each objective function by a weighting factor and 
summing up all weighted objective functions.
It is important to point out that, given the specific
characteristics of the considered objective functions, the
considered criteria cannot be compared and summed up.
Thus a normalization procedure has been considered.
In particular, each objective function if has been 
replaced by 
i
i
i f
ff
*
, where *if represents the optimal 
value of the single-optimization problem, that is the
problem in which only the objective function if is
minimized. Since for each feasible solution ii ff
* , we 
have that 10 if . Consequently, min f1; f2 ; f3 ; f4 ; is 
equivalent to max .;;; 4321 ffff
On the basis of the previous considerations, the scalar
problem assumes the following form:
4
1
max
i
ii fw (14)
subject to constraints expressed by equations (7), (9)-
(13), and to the further constrains: 
1
4
1i
iw            (15)
0iw (16)
Indeed, a convex combination of the objectives is
considered.
Each choice of the set of weight coefficients will
lead to an optimal solution for the single objective
problem, which is also a Pareto solution for the original
multi-objective formulation.
In addition, the strategy used to select the parameters 
wi becomes both a way to explore the solutions spaces
and to give some policies in terms of process design and 
control.
For this reason, in this paper the authors decided to 
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draw some scenarios according to possible visions of the 
process analyst. For sake of simplicity, an example is 
reported on the following. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The spider diagram of the weight  
wi, 
w1=0.7; w2=0.1; w3=0.1; w4=0.1, that is described 
graphically in Fig. 4. 
It is easy to observe that in the example the force plays 
the more relevant role. The other criteria, damage, 
thinning and die wear are not neglected but the influence 
on the optimization problem is limited. 
This approach means that the a particular attention on 
the force if required according to different needs.  
In fact, it is possible to reduce the process force 
obtaining the same product even if this impacts on the 
other variables. 
Force reducing could be important in case of limited 
engine power on the machine, drawing of high diameter 
wires, power (and related energy) reducing policy and so 
on. 
According to the above optimization problem, the 
optimal solution (zs1) is reported in Eq. (17): 
 
948.0*1sf   )10.0;4.6(
*
1sx  
               (17) 
T
sz )3.54;24.0;1.587;6.31(1  
 
The estimated required force is only 31,6 N and this 
value is the lower in every scenario will be considered. 
In Fig. 5 all the analyzed cases are reported. 
The variables have been normalized fixing to 1 the 
best performance for each of them.  
For any scenario the value of force, wear indicator, 
thinning and damage are reported respectively. 
 
Fig. 5. The scenario analysis 
In each case, the value of the weight is specified. The 
last columns report the value of the objective function 
and the optimal values of angle and material strain 
scattering. 
These points represent the Pareto solution boarder 
since it is not possible to increase one performance index 
without reducing the other ones. Fig. 6 and 7 well 
explain this aspect. 
In Fig. 6 the optimal solution are reported in the true 
scale, without normalization.  
Looking at the scenario 5, reduction of wear is 
requested (w2=0,7 in Fig. 5). The obtained result 
supplies the optimal value of die wear (the minimum 
possible) but, as it can be observed in Fig. 7, any 
reduction of force penalizes the wear behavior. 
This confirms the Pareto optimality of the solution.  
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Fig. 6. The obtained optimal results (Force, Wear, Thinning, Damage) 
The approach allows to claim that, if the functions able 
to calculate the key variable are accurately derived, it is 
possible to manage the process according to a specific 
policy given by the process analyst. 
 
 
 
 
 
Conclusions 
Wire drawing is a well know process but today is 
living a new interest since many manufacturers tend to 
substitute copper wires with aluminum ones. For this 
reason, high performance machines have been developed 
allowing the contemporary working of a number of 
wires. This requires a more accurate process setup and 
numerical techniques can help the designer and/or the 
process analyst to reach the best performance. 
In this study, a model based on the prediction of 
force, die wear, thinning and material damage has been 
developed at varying of semi-cone die angle and 
imposed strain. A multiobjective analysis resulted since 
a linear combination of the simple objective function has 
been used. It was demonstrated that the choosing of the 
functions weight is affected by the policy making. 
Finally, the model was used to generate different 
scenarios, showing that the solutions are Pareto optimal 
and constitute the better trade-off when these kind of 
problem structure is taken into account. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Correlation between Force (Z1) and Wear index (Z2) 
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